The Nifonea submarine volcano rises 1000 m above the seafloor of the Vate Trough back-arc basin behind the New Hebrides island arc. This large volcanic edifice has a caldera of $8 km diameter and is connected to two $20 km long volcanic rift zones in the back-arc basin. We present new chemical and isotope data for volcanic glasses and whole-rocks from both the volcano and its rift zones. Lavas from Nifonea volcano show an evolution towards more incompatible element enrichment, with the most enriched lavas being the youngest eruption products on the caldera floor. These are products of significant fractional crystallization, show minor contamination by hydrothermal fluids (<0Á3%) and reflect mixing of melts derived from depleted upper mantle and melts from an enriched source similar to those occurring in the North Fiji Basin. The enrichment in Nb of these lavas is comparable with that of some lavas from the New Hebrides island arc (e.g. Mota Lava island), where these coexist with typical island arc basalts. The lavas erupted along the rift zones in the Vate Trough back-arc basin are relatively depleted in incompatible elements, indicating melting of depleted upper mantle with a minor addition of a sediment-derived fluid. Our observations suggest that the mantle beneath Vate Trough is heterogeneous on a small scale (<20 km) and that the occurrence of these enriched and fertile mantle portions has a stronger control on melting processes than the influx from the subducting slab, as all samples were recovered at a similar distance from the trench.
INTRODUCTION
Deformation in back-arc regions of subduction zones varies from highly extensional, resulting in back-arc spreading as in the Mariana arc, to highly compressive, characterized by back-arc shortening; for example, in the Chilean arc (e.g. Stern, 2002; Lallemand et al., 2005) . In the western Pacific Ocean, extension typically leads to the formation of back-arc basins through a process of rifting and spreading similar to that prevailing at mid-ocean ridges, although the composition of the erupted lavas is distinct. The differences in magma compositions result primarily from variable contributions from a slab component (e.g. Pearce & Stern, 2006) . The Pacific plate is subducting towards the west along the Tonga-Kermadec-Hikurangi trench whereas the Australian plate subducts northwards along the New Britain-San Cristobal-New Hebrides trench. This area records a complex evolution, marked by the establishment of new subduction zones and opening and subduction of back-arc basins, changes in the relative motion of the Pacific and Australian plates and inversion of subduction polarity (Schellart et al., 2006) . It is thus expected that the mantle beneath the SW Pacific Ocean being sampled today along the TongaKermadec-Hikurangi and New Britain-San CristobalNew Hebrides island arcs and back-arc regions mirrors this complexity. The heterogeneity of the upper mantle beneath the SW Pacific Ocean (e.g. Nohara et al., 1994; Macpherson et al., 1998; Escrig et al., 2009 Escrig et al., , 2012 Nebel & Arculus, 2015) and more specifically beneath the New Hebrides island arc (e.g. Gorton, 1977; Maillet et al., 1995; Peate et al., 1997; Pearce et al., 2007; Sorbadere et al., 2013) has long been recognized, but of particular interest and the focus of this study is the rare occurrence of Nb-enriched lavas along the New Hebrides island arc and back-arc.
Niobium-enriched lavas in subduction settings are often associated with adakites, possibly indicating a genetic link between these two rock types (Defant et al., 1992) . The interaction between adakitic melts and the peridotitic mantle wedge may result in a high field strength element (HFSE)-enriched source that may be dragged to greater depths where partial melting yields basalts variably enriched in Nb (e.g. Kepezhinskas et al., 1996) . Recently, Macpherson et al. (2010) proposed that the association between adakites and Nb-enriched basalts does not necessarily reflect a genetic link, but rather reflects the fact that the unique geochemical signatures of both rock types are preserved under similar conditions. They proposed that high-Nb magmatism depends on the presence of an enriched source in the mantle. This is in line with the pioneer idea of Reagan & Gill (1989) , who suggested that high-Nb basalts result from mixing small-degree partial melts of an ocean island basalt (OIB)-like source with high-degree partial melts of depleted mantle.
The Nifonea volcano is located in the southern part of the Vate Trough back-arc basin and was sampled for the first time during the Vanuatu Australia Vents Expedition (VAVE) in 2001, revealing the occurrence of alkaline magmas enriched in HFSE in close spatial and temporal association with typical subduction-related tholeiitic basalts (McConachy et al., 2005) . Detailed sampling of the Nifonea Ridge was one of the main aims of cruise SO229 of the German R.V. Sonne in 2013.
Here, we present new chemical and isotopic data for volcanic glasses and some whole-rocks from the Nifonea volcano caldera, its flanks and the associated Nifonea Ridge rift system. We find evidence for mixing of two distinct mantle sources and conclude that formation of the Nifonea volcano is promoted by excess melting owing to a localized, fertile mantle source that is not sampled elsewhere in the trough, but also occurs along the N160 segment of the North Fiji Central Ridge.
GEOLOGICAL SETTING
The New Hebrides island arc is associated with the eastward subduction of the Australian plate underneath the North Fiji Basin (Fig. 1) . Convergence occurs at a rate of 160 mm a -1 in the northern part of the arc and 118 mm a -1 in the southern part (Calmant et al., 2003; Bergeot et al., 2009) . The slab dips at [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] down to a maximum depth of 300-350 km in the northern sector but only 150 km in the southern sector, where it terminates against the Matthew Hunter Fracture Zone (Pillet et al., 2008; Richards et al., 2011) . The volcanic front is situated relatively close (%125 km) to the trench axis and is made up of three parallel chains of volcanic islands with different ages: (1) the western belt (35Á5-16Á2 Ma; Buys et al., 2014) , preserving the earliest known phase of arc growth when Vanuatu was part of the now inactive Vitiaz arc and subduction was dipping westwards; (2) the eastern belt (8Á0-3Á5 Ma), which marks the beginning of the volcanic activity at the present Vanuatu Trench after fragmentation of the Vitiaz arc in response to the early collision of the Ontong Java and the North Melanesian Plateaux (e.g. Ruellan & Lagabrielle, 2005; Schellart et al., 2006) and led to the development of the Vanuatu and Solomon subduction zones with reverse polarity and opening of the North Fiji Basin; (3) volcanism in the central chain, which began at 5Á8 Ma at Erromango Island and continues to the present day (e.g. Maillet et al., 1995) . The island arc lavas cover a wide compositional range from picrites to rhyodacites, but basaltic compositions dominate (Gorton, 1977; Peate et al., 1997) .
The Coriolis Troughs are located about 170 km east of the Vanuatu Trench between the central volcanic chain and the North Fiji Basin (Fig. 1) , which has been opening at a maximum rate of 80 mm a -1 in an east-west direction since 3Á5-3Á0 Ma (Ruellan & Lagabrielle, 2005) . The depths of these well-developed, flat-bottomed grabens and the thickness of the sedimentary cover increase towards the south. Their multistage development began at 6Á5 Ma with the opening of the southernmost Futuna Trough (Monjaret et al., 1991) . The opening of the northernmost Vate Trough started 3 Myr later and led to the formation of a basin 70 km long and about 20 km wide with a maximum depth around 2800 m. The floor of the eastern graben is characterized by high backscatter reflections in side-scan sonar maps, which led Price et al. (1993) to suggest recent volcanism. Small volcanic cones (<0Á5 km 2 ) are found throughout the basin but in the southeastern part of the trough the large, crescent-shaped Nifonea central volcano rises 1000 m above the surrounding ocean floor (Fig. 2) . Its summit consists of a large, breached caldera, with maximum dimensions of 8 km Â 5 km, that opens towards the SE. The caldera floor is dominated by a mixture of unsedimented sheet and lobate flows, with local pillow mounds (Anderson et al., 2016) . The northern rim of the caldera consists of a steep fault that exposes an older lava series. The existence of a cleft at the NW edge of the volcano (location of samples 80 and 81 in Fig. 2 ), in continuation of the NW volcanic rift, indicates continuing extension. Samples collected during the VAVE Cruise showed that Nifonea volcano erupts alkalic magmas, ranging from basalt to basaltic trachyandesite, enriched in light rare earth elements (LREE), Nb, and Zr (McConachy et al., 2005; Heyworth, 2010) .
In the caldera, hydrothermal vents occur as isolated sulfide chimneys in an area covered by fresh pillow basalt. The absence of sulfide talus suggests that this is a young system and most probably formed after the latest volcanic events (Anderson et al., 2016). Diffuse hydrothermal venting surrounds the chimneys and is associated with abundant hydrothermal fauna (tubeworms, barnacles, snails, and mussels).
SAMPLING AND ANALYTICAL METHODS
Samples from Nifonea volcano and the northern and southern rifts (Fig. 2) were recovered using a rock corer, a TV-grab and the Remotely Operated Vehicle (ROV Kiel 6000) from GEOMAR Helmholtz Centre for Ocean Research, Kiel, during cruise SO229 Coriolis Troughs (1-26 July 2013) with the German R.V. Sonne. The samples were recovered from water depths ranging from 1799 to 2812 m. The compositions of minerals, volcanic glasses (including d
18
O isotopes) and lavas were acquired at the GeoZentrum Nordbayern, FriedrichAlexander Universit€ at Erlangen-Nü rnberg (Germany). H 2 O and CO 2 analyses on glasses were carried out at the Research School of Earth Sciences at the Australian National University (Australia), and Sr-Nd-Pb isotopes were analysed at the GEOMAR Helmholtz Centre for Ocean Research, Kiel (Germany).
Olivine, clinopyroxene, plagioclase and spinel compositions were analysed with a JEOL JXA-8200 Superprobe electron microprobe (Table 1) , using an acceleration voltage of 15 kV, a beam current of 15 nA and a defocused beam of 3 lm in diameter following the methods used by Freund et al. (2013) .
The entire geochemical dataset, including standard analyses, is provided as Supplementary Data (Table S1 ; Supplementary Data are available for downloading at http://www.petrology.oxfordjournals.org). Fresh volcanic glasses were separated, crushed to millimetersized chips, handpicked under a binocular microscope, embedded in epoxy and polished. Major element, SO 3 and Cl concentrations were determined in 76 samples using a JEOL JXA-8200 Superprobe electron microprobe following the method described by Brandl et al. (2012) . The analyses were performed using an acceleration voltage of 15 kV, a beam current of 15 nA and a defocused beam of 10 lm in diameter. The reproducibility of the method was checked by periodic analyses of VG-2 (Brandl et al., 2012) , VG-A99 (Walters et al., 2011) and VG-568 (Streck & Wacaster, 2006) standards. The composition of each glass corresponds to the average of 10 spot analyses measured on the same glass piece. Accuracy is generally better than 2%, except for MgO and S (6%) and P 2 O 5 (10%).
Whole-rock samples were cut into small pieces to remove any exposed surfaces and washed in an ultrasonic bath with deionized water, dried at 40 C, crushed and powdered in an agate disc mill. For 14 samples, major element and some trace element abundances were measured using fused glass beads on a Spectro Xepos Plus XRF spectrometer. Loss on ignition (LOI) was determined by weighing 1 g of sample before and after 12 h drying in a muffle furnace at 1400 C. The standard basalts BE-N and BR (Govindaraju, 1994) were used for determination of precision and accuracy and both are better than 3% for major elements and 10% for P 2 O 5 and trace elements.
Trace element concentrations were determined in 42 volcanic glasses and seven whole-rock powders. Approximately 0Á05 g of sample was accurately weighed into a Teflon beaker, and digested in 1 ml 15M HNO 3 and 3 ml 12M HF for 12 h in a sealed beaker on a hotplate at 80 C. After cooling, 0Á2 ml of HClO 4 was added to the sample and the solution was evaporated to incipient dryness at 120 C. Then 2 ml of 15 M HNO 3 was added to the sample and the solution was evaporated close to dryness; this step was repeated twice before increasing the hotplate temperature to 160 C and fuming off excess HClO 4 . The sample was then redissolved in 4 ml 15M HNO 3 and 4 ml H 2 O, two drops of 12 M HF were added, and the sealed beakers were left on a hotplate at 80 C for 12 h. The samples were then placed in an ultrasonic bath for 30 min, before heating at 80 C for another 12 h. At this stage, all samples were completely in solution. The sample solutions were then quantitatively transferred to 250 ml HDPE bottles and diluted to 200 ml with MQ water to obtain a final solution of 2% HNO 3 þ 0Á002 M HF with a sample dilution factor of about 4000 and total dissolved solids of 250 lg ml -1 . All reagents used were distilled in Teflon stills, and diluted with MQ 18Á2 Ohm water. Analyses were performed using a Thermo Scientific X-Series 2 quadrupole inductively coupled plasma mass spectrometer. Samples were introduced into the instrument through a Cetac Aridus 2 desolvating nebulizer system to reduce molecular interferences. An ESI SC-2 DX FAST autosampler was used to reduce washout times between samples. The instrument was tuned using a 5 ppb solution of Be, In and U; typical sensitivity for 238 U was 2 Â 10 6 counts per second for a sample uptake rate of 50 ll min -1 . The Ce/CeO ratio was > 2500, and thus corrections for interference of oxides of Ba and the LREE on Eu and Gd were unnecessary. Before each measurement session, the instrument was calibrated using multielement solutions covering the relevant concentration range. A mixed Be, In, Rh and Bi solution (30, 10, 10, 5 ppb) was mixed with the sample online and used as an internal standard to correct for instrumental drift. Procedural blanks analysed during this work were negligible for all elements measured. Reproducibility was monitored by periodic analyses of BVHO-2 (n ¼ 22) and is equal to or better than 4% for most elements except Cs (9%), Mo (5%) and U (5%). Accuracy relative to GEOREM preferred values lies within 3%, except for Cs (10%).
Seven glasses recovered from the caldera floor were selected for d
O analysis. The oxygen isotope composition was determined by laser fluorination using a 25 WSynrad CO 2 -laser and F 2 as reagent, following the method described by Freund et al. (2013) . Analyses of NBS-28, UWG-2 and GEE show that in the course of this study precision and accuracy were better than 0Á2‰ (Table 2) .
Sample preparation and mass spectrometry for SrNd-Pb followed the procedures outlined by Hoernle et al. (2011) Pb double spike technique was applied for Pb. All errors refer to reproducibility at 2r standard deviation of the mean (2SD) whereas 2r within-run errors shown in Table 2 are 2r/ͱn À 1 (where n is the number of scans passing the outlier test). H 2 O and CO 2 contents were determined on selected glass shards from lava rims using Fourier Transform Infrared (FTIR) spectroscopy. FTIR analyses were performed at the Research School of Earth Sciences (ANU, Canberra) on a BRUKER Hyperion 1000 IR microscope attached to a BRUKER Tensor 27 IR spectrometer equipped with a KBr beam splitter. The microscope is mounted with a N 2 -cooled MCT detector and the sample chamber is continuously purged with dry air. Spectra were collected between 4000 and 600 cm -1 using 128 scans and a resolution of 4 cm -1 on inclusion-and phenocryst-free spots of $100 lm side length on doubly polished glass samples of $150 lm thickness. Background and atmospheric corrections were applied and the baseline was subtracted using a concave rubber band method with two iterations and 32 baseline points (OPUS 7 software). Glass densities were iteratively calculated following the method of Nichols et al. (2014) . Total and molecular H 2 O concentrations were then calculated following the method outlined by Mandeville et al. (2002) using a modified Beer-Lambert law and CO 2 from converting the molar absorptivity of CO 3 (Stolper et al., 1987 (Wetzel et al., 2013) . H 2 O and CO 2 contents were averaged from five spots and the precision is generally better than 3%, 5% and 10% relative deviation (1SD) for total H 2 O, molecular H 2 O and CO 2 , respectively (Table 3) .
RESULTS

Petrography
Thin sections of 14 lava samples from the Nifonea Ridge were studied petrographically. These are dark aphyric to microporphyritic vesicular lavas with a microcrystalline or fresh glassy matrix or glass rinds with a maximum thickness of 3 cm. Vesicles are rounded to elongated (<2 cm) and typically constitute 10-25% of the rock volume, with lavas sampled at the caldera having higher vesicularity than lavas sampled along the rifts. Porphyritic lavas are extremely rare and limited to two small pancake volcanoes (36TVG and 37TVG). In these lavas olivine and plagioclase phenocrysts are up to 2Á5 cm in size and the vesicles are up to 8 cm in diameter. Alteration features are commonly found on the surface and along cracks and consist of FeOOH and MnOOH precipitates and rare clay mineral fillings of vesicles. Microand phenocrystic phases include plagioclase and olivine in a groundmass dominated by plagioclase microliths or in a dark very fine-grained (microcrystalline) to locally holohyaline groundmass. The phenocrysts occur either as isolated grains or as aggregates. The compositional range of phenocrystic and groundmass phases is given in Table 1 . Plagioclase (<1Á5 cm) is euhedral and oscillatory zoned with variations in An content within single crystals of up to 17% (e.g. An 67-84 in sample 83ROV01). The intra-sample compositional variation of plagioclase is usually bimodal. The higher An compositions are mainly found in phenocryst cores and the lower An compositions occur both in the rims and groundmass (Table 1) . This bimodality is, however, imperfect owing to the occurrence of oscillatory zoning even in groundmass grains. Olivine (<0Á5 cm in the caldera but up to 2 cm in the rift samples) is euhedral to subhedral, commonly with evidence of strong resorption. Single grains Group I 27ROV03 0Á703268 6 5 0 Á513051 6 3 1 8 Á406 6 2 1 5 Á524 6 2 3 8 Á216 6 5 3 Á67 27ROV08 0Á703337 6 6 0 Á512983 6 3 1 8 Á338 6 2 1 5 Á524 6 2 3 8 Á167 6 4 5
0Á703269 6 5 0 Á513092 6 3 1 8 Á399 6 1 1 5 Á519 6 1 3 8 Á216 6 3 4 Á22 83ROV07 0Á703269 6 5 0 Á513031 6 4 1 8 Á443 6 2 1 5 Á526 6 2 3 8 Á265 6 6 5 Á42 83ROV10 0Á703279 6 5 0 Á513025 6 3 1 8 Á446 6 1 1 5 Á528 6 1 3 8 Á273 6 3 6 Á54 Group II (N) 58VSR 0Á703543 6 5 0 Á513078 6 4 1 8 Á453 6 2 1 5 Á538 6 2 3 8 Á353 6 4 7 Á61 73TVG02 0Á703211 6 4 0 Á513090 6 4 1 8 Á351 6 3 1 5 Á510 6 2 3 8 Á128 6 6 6 Á94 75VSR 0Á702866 6 4 0 Á513106 6 5 1 8 Á152 6 2 1 5 Á468 6 1 3 7 Á806 6 4 8 Á75 81VSR
0Á703155 6 11 0Á513125 6 3 1 8 Á316 6 1 1 5 Á506 6 1 3 8 Á078 6 4 7 Á75 Group II (S) 33VSR 0Á703195 6 5 0 Á513103 6 4 1 8 Á337 6 2 1 5 Á511 6 1 3 8 Á118 6 4 6 Á95 37TVG01 0Á703096 6 5 0 Á513144 6 6 1 8 Á253 6 4 1 5 Á493 6 3 3 7 Á990 6 8 7 Á60 68TVG02 0Á703283 6 5 0 Á513092 6 3 1 8 Á401 6 2 1 5 Á521 6 1 3 8 Á210 6 3 6 Á06 Group III 36TVG01-3 0Á703268 6 5 0 Á513035 6 4 1 8 Á290 6 3 1 5 Á510 6 2 3 8 Á038 6 6 8 Á31 67TVG01 0Á703065 6 6 0 Á513099 6 3 1 8 Á246 6 2 1 5 Á504 6 2 3 8 Á007 6 4 7 Á73 83ROV17 0Á703276 6 5 0 Á513045 6 5 1 8 Á478 6 9 1 5 Á536 6 8 3 8 Á303 6 19 7Á88 83ROV18 0Á702988 6 5 0 Á513053 6 3 1 8 Á254 6 3 1 5 Á492 6 2 3 7 Á967 6 6 8 Á78 
Chemistry of volcanic glasses and lavas
All lavas recovered from the southern and northern volcanic rift zones and older sediment-covered parts of Nifonea volcano are tholeiitic basalts, whereas the younger sediment-free lavas from the caldera floor display more evolved compositions, ranging from alkaline basalt and trachybasalt to basaltic trachyandesite (Fig.  3) . The MgO contents range from 3Á6 to 8Á8 wt % and with increasing wt % MgO there is an overall decrease in Al 2 O 3 and CaO contents and an increase in the abundances of all other major elements (Fig. 4 ). The 27ROV01  1Á35  0Á01  0Á21  0Á00  79  5Á7  1550  1000  27ROV02  1Á34  0Á01  0Á20  0Á00  78  6Á5  1550  840  27ROV03  1Á43  0Á02  0Á28  0Á00  76  5Á9  2400  560  29VSR  1Á30  0Á01  0Á16  0Á01  56  1Á9  960  760  31VSR  1Á35  0Á01  0Á18  0Á00  56  5Á9  910  720  34VSR  1Á28  0Á00  0Á13  0Á00  53  3Á9  600  680  35VSR  1Á38  0Á01  0Á17  0Á00  65  0Á9  1500  880  62TVG03  1Á37  0Á10  0Á29  0Á02  66  11Á8  1920  800  63VSR  1Á39  0Á04  0Á18  0Á00  69  9Á4  800  840  64VSR  1Á35  0Á02  0Á17  0Á00  63  0Á9  880  720  70VSR  1Á42  0Á02  0Á18  0Á00  72  3Á5  840  760  71VSR  1Á50  0Á01  0Á23  0Á01  80  0Á3  1910  760  77ROV03  1Á41  0Á01  0Á23  0Á01  65  3Á7  1280  880  83TVG02  1Á26  0Á02  0Á17  0Á01  61  3Á1  850 compositions plot along distinct trends, with glasses from the caldera floor having higher Al 2 O 3 and lower TiO 2 and FeO T abundances for a given MgO content compared with samples recovered from the southern and northern rifts and caldera rim. Based on major element variations three distinct groups are defined. Groups I (caldera floor) and II (southern and northern rifts) represent the end-member compositions and Group III (caldera rim) has compositions that are intermediate between Groups I and II. The volcanic rocks from the Nifonea caldera floor (Group I) include the most evolved glasses of the Vate Trough volcanism and have the lowest MgO (<7 wt %) and CaO (<12 wt %) and the highest Na 2 O (>3Á1 wt %), K 2 O (>0Á6 wt %) and P 2 O 5 (>0Á3 wt %) contents and the highest K/Ti (>0Á5) ratios. Basaltic glasses recovered at greater water depths along the northern and southern rifts in the Vate Trough (Group II) are more primitive and have lower Al 2 O 3 and Na 2 O contents and K/Ti ratios but higher FeO T than Group I samples at a given MgO content (Fig. 4) . Rocks recovered from the Nifonea caldera rim (Group III) generally resemble Group II lavas but are intermediate in terms of incompatible element abundances (e.g. P 2 O 5 ) and K/Ti ratios. All Nifonea back-arc samples have lower Al 2 O 3 abundances and K/Ti ratios and higher contents of SiO 2 and Na 2 O than basalts and basaltic andesites from the arc front volcanoes of Efate and Erromango, located at similar latitudes. Total FeO contents of the NifoneaVate Trough lavas increase with decreasing MgO to about 4 wt %; FeO T contents of the arc lavas are nearly constant and decrease at MgO < 5 wt % (Fig. 4d) . TiO 2 shows a similar behavior to FeO T in the arc and back-arc lavas.
For most incompatible elements, samples from the Nifonea caldera floor, caldera rim and volcanic rift zones display significant differences when plotted on normal mid-ocean ridge basalt (N-MORB)-normalized trace element abundance diagrams, confirming the distinction of these regional groups (Fig. 5) . Overall, Group I glasses are enriched in all incompatible elements relative to N-MORB, show slight Ba and no Sr anomalies, but positive anomalies for U, K, and Pb. Most lavas show less depletion of Nb and Ta contents relative to La, differing significantly from arc front lavas from Efate and Erromango. Samples from Groups II and III have lower concentrations of incompatible elements relative to Group I samples and exhibit strong positive anomalies of the fluid-mobile elements Ba, U, K, Pb, and Sr, which is typical of subduction-related magmas.
The Vate Trough and Nifonea Ridge lavas show large variations in trace element ratios (Fig. 6) in agreement with previously published data (McConachy et al., 2005; Heyworth, 2010) . Group I samples have high Zr/Yb (>30) and high concentrations of LREE with chondritenormalized Ce/Yb ranging between 1Á7 and 2Á6. The majority has, however, a more restricted range (1Á7-2Á0). In contrast, samples from Groups II and III typically have Zr/Yb ratios of <30 and show significant variation in (Ce/Yb) N towards lower ratios (<1Á5). The Nifonea caldera and Vate Trough lavas with MgO > 5 wt % have constant Yb/Sc between 0Á08 and 0Á12, but the more evolved Nifonea glasses show a trend of increasing Yb/Sc with decreasing MgO content (Fig. 6b) . Fig. 1 ). Lines and stars show fractional crystallization models (see text and Table 4 for details of the least-squares calculation). Groups defined as in Fig. 2 and Table 1 . Group I lavas and glasses are more evolved than those of Groups II and III. The groups define different liquid lines of descent. Blue, red and green stars are fractional crystallization end-members for Group I, II and III respectively, and were used for the least-squares calculation outlined in Table 4 Fig. 7 ). Glasses from Groups II and III show significant variations in all isotopic ratios compared with Group I. Overall, the isotopic range presented in this study covers the range defined by Heyworth et al. (2011) Pb than the Vate Trough basalts (Fig. 7) .
Oxygen isotope compositions were determined in seven glass samples from Group I spanning the entire MgO range. The d
18
O in the lavas shows a small variation of 5Á4-5Á8‰ (Table 2) , mostly within analytical error.
Volatiles
The total measured dissolved water (H 2 O T ) consists of two components, molecular water (H 2 O M ) and a hydroxyl group. Group I glass rims have contents of H 2 O T ranging from 1Á28 to 1Á50 wt %, H 2 O M of 0Á13-0Á28 wt %, and CO 2 from 53 to 80 ppm ( Fig. 8a-c ; Table 3 ). The Nifonea Caldera Group I samples have the highest H 2 O T contents. Glasses from the other two groups have H 2 O M mostly below detection limit, low H 2 O T (0Á20-0Á70%), and CO 2 identical to the caldera lavas (57-86 ppm). The exceptions are samples 32VSR and 68TVG02 and samples collected in the northernmost part of the Nifonea Ridge (57VSR and 58VSR). These have H 2 O M and H 2 O T similar to the lower range obtained for Group I samples. With the exception of one sample (32VSR, 1200 ppm), Cl contents range from 100 to 600 ppm in the rifts and caldera rim and from 500 to 2500 ppm within the caldera (Fig. 8d) . Sulfur contents vary between 560 and 1120 ppm in the caldera and tend to be higher in the samples from the rim and rifts (maximum 1480 ppm) (Fig. 8e) . No correlation is observed between volatile contents and depth of eruption (not shown), but negative correlations between H 2 O M , CO 2 , Cl and MgO content are observed in the Nifonea caldera lavas (Fig. 8b-d) .
DISCUSSION
Evolution of Nifonea Ridge magmas Fractional crystallization
The chemical variation of the Nifonea Ridge glasses and lavas with MgO contents between 8Á8 and 3Á6 wt % is consistent with fractionation of olivine and plagioclase (Fig. 4, Table 4 ), which are also the most abundant (field) and lavas erupted along the northern and southern rifts; (c) the caldera and rift material (fields) and the glasses/lavas from the western and eastern caldera rim; (d) the model results for Rayleigh fractionation (Pmelt, primitive melt; Fmelt, fractionated melt). The data were normalized to N-MORB to facilitate comparison with published data from the arc. Groups defined as in Fig. 2 and Table 1. microphenocryst phases observed. The latest stage of magma evolution (MgO < 4 wt %) is marked by crystallization of Ti-magnetite ( Fig. 4b and d ), which contrasts with arc front magmas that show a nearly constant decrease in FeO T content over the entire MgO range. Nonetheless, removal of these phases does not account for all of the observed compositional variability in the caldera lavas. Clinopyroxene is extremely rare as a microphenocryst, but the decrease in CaO/Al 2 O 3 and the steep increase in Yb/Sc with decreasing MgO in the caldera material (Fig. 6b) implies that fractionation of this mineral played an important role in the evolution of these magmas. According to least-square calculations (Table 4) clinopyroxene constitutes c. 35% of the fractionating assemblage. If clinopyroxene is indeed a cryptic phenocryst phase, this implies that the observed Sun & McDonough, 1989) showing the change of these ratios caused by variable degree of partial melting (batch melting) of a source with the composition of depleted-MORB (Workman & Hart, 2005) and with an enriched mantle source with the composition of sample ST54 from the North Fiji Basin . Partition coefficients and source mineralogy are from Salters & Stracke (2004) . To maintain the relative contributions of the end-members calculated using the isotopic data, we assumed that magmas derived by 15% of melting of the depleted source (approximating the composition of sample 75VSR used in isotopic modeling) mixed with enriched magmas. Stars in (a) and (b) represent the model fractionated compositions. Triangles in (c) and (d) are locations along the volcanic arc where lavas derived from both depleted and enriched sources have been identified (Ureparapara, Mota Lava, Aoba, and Futuna Islands). Data compiled from Gorton (1977) , Eissen et al. (1991 Eissen et al. ( , 1994 , Eggins (1993) , Nohara et al. (1994) , Peate et al. (1997) , Pearce et al. (2007) and Sorbadere et al. (2011 Sorbadere et al. ( , 2013 . Dashed field represents lavas from the Jean Charcot Troughs (JCT) (Maillet et al., 1995) . Groups defined as in Fig. 2 and Table 1. phenocryst assemblage is only representative of the final stage of crystallization and that the previously crystallized phases were segregated prior to stagnation in the magma reservoir, or were separated by decompression-dehydration crystallization (e.g. Ohba et al., 2009) . The latter requires effective degassing of hydrous melts owing to decompression, which causes the liquidus temperature to rise. Magmas at or above the liquidus may become significantly undercooled, causing extensive groundmass crystallization (Couch et al., 2003) . Least-squares modeling fails to reproduce the composition of four samples (27ROV07/-08/-09 and 60ROV13). These have significantly higher Nb/Yb ratios (5Á1-5Á7 compared with 2Á7-3Á2 in the remaining samples) and a slightly different isotopic signature (Fig. 9) . Variation in Nb/Yb is negatively correlated with 143 Nd/ 144 Nd (Fig. 9c) ; therefore the observed differences in incompatible element ratios cannot be due to variable degrees of partial melting and must be related to source variability.
The samples from the Nifonea volcanic rifts (Group II) display a less clear differentiation trend, where clinopyroxene and degassing do not seem to play a significant role, as evidenced by the nearly constant Yb/Sc (Fig. 6b ) and K 2 O/H 2 O T ratios (Fig. 10c) . This group is also characterized by lower Al 2 O 3 and higher TiO 2 and FeO T contents for a given MgO abundance compared with Group I glasses (Fig. 4b-d) , which leads us to suggest that the differences in the fractionation trends of Groups I and II are possibly due to differences in H 2 O content (e.g. Michael & Chase, 1987; Langmuir et al., 2006) . The best-fit results for least-square modeling for Group II are obtained after $30% fractional crystallization (Table 4 ; Figs 4-6) but to achieve the K 2 O concentrations of the most evolved glass considerably higher degrees of crystallization are needed (47% and 71% for the northern rift and southern rift subgroups, respectively). In addition, the modeled final compositions have higher heavy rare earth element concentrations and lower contents of the most mobile elements (e.g. Rb, Ba) and Th compared with the most evolved end-member used for the least-squares calculations (Table 5 ; Fig. 5d ). These discrepancies suggest that the observed chemical variability in the rift samples cannot be uniquely due to fractional crystallization. Variable extent of melting of the same source is also unlikely to be the cause of the variability because of the decoupling of incompatible element ratios; for example, (Ce/Yb) N and Nb/Yb (Fig. 6c) Pb ¼ 37Á81-38Á35) ( Fig. 7; Table 2 ). Consequently, we suggest that the chemistry of Group II largely reflects a heterogeneous mantle source and/or variable slab additions to their mantle source.
Variations in Cl/K-evidence for magma contamination
Variations in Cl/K ratios can be used to evaluate magma contamination that can occur via interaction with seawater-altered crust, with hydrothermal fluids (Michael & Cornell, 1998) , or owing to input of fluids from the subducting slab (e.g. Rowe & Lassiter, 2009 ). Estimated element fluxes derived from the subducted sediment and altered oceanic crust for the New Hebrides island arc show that the subduction-related fluids contain more K than Cl (Jarrard, 2003) , resulting in a decrease in Cl/K ratios with increasing metasomatism of the mantle source. In Group II, Cl/K is inversely correlated with typical indices of subduction input (e.g. Fig. 2 Ba/Nb and Sr-Pb isotopic ratios; Fig. 11) . Therefore, the observed range in Cl/K can be explained by addition of a slab component to the mantle source of these magmas. In Group I glasses the variation of Cl/K is independent of variations in Ba/Nb and Sr-Pb isotopic compositions but is negatively correlated with MgO, suggesting contamination during magma fractionation.
We determined d
18
O isotopes in seven volcanic glasses from Group I. Despite the range of 3 wt % in MgO and an increase in Cl/K from 0Á09 to 0Á25 (Table 2) , the d
O is relatively constant (5Á4-5Á8‰). This variation is mostly within analytical uncertainty and within the range proposed for fresh MORB (e.g. Eiler et al., 1999) , precluding significant assimilation of seawater-altered crust as a viable mechanism for the observed Cl/K trend. The occurrence of Cl concentrations higher than 1200 ppm is constrained to an area of $ 10 km 2 (delimited field in Fig. 2 ) where hydrothermal activity is observed. Glasses collected outside this area have a maximum Cl content of 1000 ppm, consistent with the proposed fractionation model. Chlorine is the dominant anion in the sampled hydrothermal vent fluids, whereas the K 2 O concentration is fairly low (<0Á1 wt %; Schmidt et al., 2014) . The d
O of these fluids is unknown but in modern oceans it ranges from 0 to þ4‰ (Turchyn et al., 2013) . Depending on the O isotopic composition of these 49Á48  39Á12  47Á77  52Á82  0Á10  53Á28  53Á62  TiO 2  1Á55  0Á04  0Á08  0Á74  13Á68  1Á96  1Á93  Al 2 O 3  16Á38  0Á01  33Á55  2Á38  2Á28  15Á23  15Á26  FeO   T   9Á36  18Á67  0Á47  5Á60  79Á70  10Á03  9Á86  MnO  0Á18  0Á29  0Á00  0Á11  0Á63  0Á22  0Á26  MgO  6Á53  42Á49  0Á13  16Á03  2Á42  3Á64  3Á62  CaO  11Á80  0Á30  16Á84  21Á77  0Á04  7Á61  7Á78  Na 2 
SiO 2  50Á32  39Á07  45Á47  50Á68  0Á08  49Á60  50Á81  TiO 2  1Á18  0Á01  0Á02  0Á64  1Á22  1Á84  1Á51  Al 2 O 3  15Á88  0Á03  32Á94  3Á97  22Á91  15Á38  15Á81  FeO   T   9Á75  11Á84  0Á42  5Á15  28Á27  11Á46  11Á80  MnO  0Á19  0Á18  0Á00  0Á15  0Á34  0Á21  0Á23  MgO  8Á59  47Á81  0Á18  16Á09  12Á75  6Á06  6Á30  CaO  12Á70  0Á33  16Á89  20Á91  0Á02  10Á90  11Á01  Na 2 O  2 Á41  0Á00  1Á56  0Á28  0Á00  3Á48  3Á02  K 2 O  0 Á09  0Á00  0Á02  0Á01  0Á00  0Á40  0Á12  P 2 O 5  0Á14  0Á00  0Á00  0Á00  0Á00  0Á20  0Á19  Total  101Á25  99Á27  97Á51  97Á88  65Á58  99Á33  100Á82 Group I (Caldera): Ti-Mag starts to crystallize after 38% fractional crystallization (FC); modeling using: primary melt ¼ 34VSR and fractionated melt ¼ 62TVG 03; fractionating phases: 13% Ol þ 53% Pl þ 35% Cpx; composition of the cumulate (wt %): SiO 2 ¼ 48Á42;
Total degree of FC ¼ 49%; modeling using: primary melt ¼ 34VSR and fractionated melt ¼ 27ROV03; fractionating phases: 9% Ol þ 50% Pl þ 35% Cpx þ 6% Ti-Mag; composition of the cumulate (wt %):
Group II (northern rift): total degree of FC ¼ 30%; fractionating phases: 25% Ol þ 66% Pl þ 9% Cr-Sp; composition of the cumulate (wt %):
Leastsquares error ¼ 0Á77. Group II (southern rift): total degree of FC ¼ 28%; fractionating phases: 14% Ol þ 41 Pl þ 45% Cpx; composition of the cumulate (wt %):
fluids and considering the very low degree of contamination (<0Á3% based on the Cl/K enrichment), changes in d
O will be minimal. Thus, contamination of the evolving melts by hydrothermal fluids appears to be the most plausible explanation for the observed increase in Cl/K without modification of the d
O in Group I glasses.
Sources of the parental Nifonea Ridge magmas Estimation of minimum pre-eruptive H 2 O contents
The range in H 2 O and CO 2 contents for the Nifonea Ridge glasses is within the interval commonly observed in other back-arc basins (0Á2-2Á2 wt % and <250 ppm, respectively; compilation by Newman et al., 2000) . The three groups previously defined have similar CO 2 contents (53-86 ppm) but can be distinguished based on their H 2 O contents ( Table 3 ). The differences may be related to hydration after eruption (e.g. Cerling et al., 1985) , degassing efficiency (e.g. Gardner et al., 1999) , increasing H 2 O contents in residual liquids during isobaric differentiation of vapour-undersaturated magma (e.g. Blundy & Cashman, 2005) , or different sources.
At low temperature, H 2 O M is the diffusing species and its conversion to OH is slow (Dixon et al., 1995, and references therein) . Because all the measured glasses have H 2 O M lower than the values calculated using VOLATILECALC (Newman & Lowenstern, 2002) and have low H 2 O M /OH ratios, we can exclude the possibility of significant low-temperature hydration after eruption for all groups. Assimilation of hydrothermal fluids by primitive magmas can explain Cl concentrations higher than those expected to be generated by simple fractional crystallization for some of Group I glasses. However, H 2 O T contents are similar in all caldera glasses (Fig. 8a) and thus unrelated to Cl/K and to the distance to the hydrothermal field. Consequently, we assume that interaction with hydrothermal fluids did not significantly affect the water contents, probably because Group I magmas were already H 2 O-(over)saturated (Fig. 10b) at the time of contamination. The higher vesicularity of Group I lavas compared with lavas from the other groups suggests more efficient degassing. Nevertheless, Group I caldera lavas are characterized by higher and nearly constant H 2 O T (1Á26-1Á50 wt %), whereas Groups II and III, which erupted at greater water depths, show an increase in H 2 O T content with decreasing MgO (Fig. 8a) . This suggests that the evolution of these magmas occurred under different conditions of vapour saturation (Fig. 10a) . The comparison between eruption pressures (using the depth of sampling as a proxy of pressure of eruption) and vapour- Pb. These variations show that the lavas extruded along the Nifonea northern and southern rifts derive from a mantle source similar to the majority of the arc lavas and that the rare occurrence of Nb-enriched lavas is related to sampling of a distinct mantle source, also present beneath the North Fiji Basin. References as in Fig. 6 . Groups defined as in Fig. 2 and Table 1. saturation pressures calculated after Newman & Lowenstern (2002) confirms that the Nifonea caldera and the northernmost lavas from the Vate Trough were vapour-oversaturated when erupted, but that most of the Groups II and III lavas were vapour-undersaturated (Fig. 10b) . A negative correlation between MgO and H 2 O T contents is also observed in the Mariana Trough glasses (Fig. 8a) , for which glass inclusion data are also available (Newman et al., 2000) . Newman et al. verified that CO 2 losses during ascent and eruption are significant, but that when the lavas erupt at pressures high enough that the magma remains undersaturated with respect to nearly pure H 2 O vapor, loss of water can be negligible. We thus suggest that the low H 2 O T content of Groups II and III are good estimates of the preeruptive composition of the primitive magma that was later affected by fractional crystallization, whereas the high H 2 O T content of Group I glasses represent only minimum estimates.
The heterogeneous mantle beneath the Vate Trough
The incompatible element and isotopic compositions of Group II magmas (Figs 5 and 7) suggest binary mixing between variably depleted mantle sources and a slab component. Because the slab component has high Sr and 207 Pb/ 204 Pb but low Nd isotope ratios we suggest that it is most probably a subducted sediment-derived fluid (<3%) (Fig. 7) . However, the variation of the enrichment in fluid-immobile elements leading, for example, to a range of Zr/Yb between 15 and 50 ( Fig. 6a) is less clear. McConachy et al. (2005) suggested that the composition of Group I lavas possibly reflects efficient extraction of relatively low-degree melts during incipient rifting. The role of low-degree melts may be important for generating mantle heterogeneity and this hypothesis was explored by Langmuir et al. (2006) for the Mariana Trough. Indeed, low-degree melts (0Á5-1Á5%) from a previously depleted spinel peridotite are compositionally similar to Group I lavas ( Fig. 6c and d Nd with enrichment in incompatible elements observed in this group (Fig. 9) . It is thus necessary to consider pooling of magmas from two distinct mantle sources, one similar to depleted MORB-mantle and other similar to mantle giving rise to enriched MORB. The exact age of the studied samples is unknown but, based on negligible alteration and absence of sediments on the caldera floor, we suggest that the lavas sampled in the Nifonea caldera are the most recent and that their eruption postdates volcanism along the rifts, where the sediment cover is slightly thicker, similar to what was previously suggested by Price et al. (1993) . Pooling of magmas from a more enriched mantle source with decreasing time is also supported by the composition of the caldera rim lavas (Group III), which have a slightly more enriched chemical composition than lavas erupting along the rifts, but do not show the same degree of showing that Group I volcanic rocks were affected by degassing. Groups defined as in Fig. 2 (Figs 4h and 6 ).
Niobium-enriched lavas occur in the northern Jean Charcot back-arc basins (Maillet et al., 1995) and along the New Hebrides island arc (Fig. 9a) and their origin has been linked to the collision between the D'Entrecasteaux Ridge and the arc, by either promoting a lower extent of melting (Gorton, 1977) , influx of material from the backarc to the arc region (Crawford et al., 1995; Peate et al., 1997) , or widening the extensional zone between fixed and rotating segments of the arc. This would then facilitate pooling of magmas at different depths or slab delamination and break-off causing the influx of enriched mantle in the central part of the New Hebrides island arc (Sorbadere et al., 2013) . The tomographic profile of the New Hebrides area shows a dipping anomaly that was interpreted as a slab detachment (Hall & Spakman, 2002) ; however, the clear enrichment in incompatible elements and the decrease in Nd with increasing distance from the trench is difficult to reconcile with the influx of magma from the west. The NE influx of Indian Ocean-like MORB into the central sector of the New Hebrides island arc (Heyworth et al., 2011) is in agreement with the isotopic signature of the Vate Trough lavas. It is, however, inconsistent with the spatially restricted eruption of Nbenriched lavas and their close temporal relation, as evidenced by the transitional character of the caldera rim lavas to the typical back-arc lavas (Group II). We thus consider the possibility of a direct relationship between major tectonic events and the composition of magmas of the Nifonea volcano to be unlikely.
Possible link to the North Fiji Basin
The North Fiji basalts have very diverse chemical and isotopic compositions ranging from typical N-MORB to OIB and, for example, Nb contents ranging from 0Á6 to 62 ppm (Eissen et al., 1991 Nohara et al., 1994) . These studies show that the North Fiji basalt source is heterogeneous on the scale of single melt batches and support mixing between two mantle components (Nohara et al., 1994) . Within this basin an area of unusual seismicity located between 12 and 15 S was identified by the occurrence of deep earthquakes (hypocenters at 550-650 km depth), interpreted to be triggered by phase transformations in a detached segment of the Australian plate (Richards et al., 2011) . Partial melts of this slab, modified by interaction with peridotitic mantle and dragged to great depths, can produce magmas enriched in Nb and other HFSE (e.g. 
The fractionation assemblage is given in Table 4 . Numbers in italics represent a variation higher than 20% between the composition of the most evolved end-member and the composition determined by Rayleigh fractionation: Kepezhinskas et al., 1996) . In addition, Zhang & Pysklywec (2006) suggested the observed high topography in the North Fiji Basin can be correlated to the upwelling of hot buoyant upper mantle, in the depth range from 70 to 120 km. This affects the SE sector of the basin as well a small area located NE of the Vate Trough ($17 S and 170 E). The New Hebrides back-arc system developed by rifting of the North Fiji crust so the ascending depleted mantle-derived magmas could become enriched to some extent by contamination with relatively enriched and hydrothermally altered crustal rocks. For the Nifonea caldera lavas (Group I) this is not supported by the nearly constant d
18 O (5Á4-5Á8‰) and 87 Sr/ 86 Sr (0Á70327-0Á70334) that show no correlation with degree of magma fractionation or enrichment. Alternatively, we explore the hypothesis of a heterogeneous mantle beneath the Vate Trough and mixing between magmas derived from distinct mantle components. We used only North Fiji Basin data with a complete chemical and isotopic dataset and from these we selected the sample with higher Pb-and Sr-isotopic ratios and lower 143 Nd/ 144 Nd ratio to represent the enriched end-member (ST54 from Peate et al., 1997) . The isotopic composition of the depleted end-member is represented by sample 75VSR from our dataset. We select this sample instead of more depleted lavas from the North Fiji Basin because of its high Ce/Pb ratio ($19), which forms the depleted mantle-like end-member of the trend with increasing mixing with sediment-derived fluids in Group II (Fig. 7b) . The low Sr and Pb isotope ratios of this mantle source are altered by the input of a sediment-derived slab fluid and this metasomatized depleted mantle (maximum 1%) apparently mixes with enriched mantle (Fig. 7) . Based on our calculations, the isotopic signature of Group I can be reproduced by a mixture between the mantle source of Group II (minimum 94%) and the enriched mantle source (maximum 6%) found along the N160 segment of the North Fiji Central Ridge (Nohara et al., 1994) .
The formation of the relatively voluminous Nifonea volcano in the otherwise magma-deficient Vate Trough rift basin appears to be dependent on the presence of small-scale enriched mantle heterogeneities in the refractory mantle, either by partial melting of mantle anomalies or mantle upwelling, both occurring in the North Fiji Basin (Richards et al., 2011; Zhang & Pysklywec, 2006) , and sites of localized extension, which has been discussed by Anderson et al. (2016) . A similar model was proposed to explain the origin of Nb-enriched basalts and basaltic andesites (Nb ¼ 6Á8-35Á2 ppm) in the Sulu Arc and their abundance in the South China Sea (overriding plate; Macpherson et al., 2010) . Macpherson et al. sug- gested that the presence of fertile mantle in the upper convecting mantle is related to upwelling beneath sites of localized extension. This will not only favour mixing of magmas derived from different sources but can also explain the close temporal eruption of lavas with contrasting compositions at the same volcanic center, as observed for instance in Mota Lava (Sorbadere et al., 2013) or Aoba (Gorton, 1977) islands and along the North Fiji Central Rift Nohara et al., 1994) .
Additionally, the Pb isotopic composition of the most depleted lavas from the Vate Trough (Group II) resembles that of Indian-type MORB mantle. The influx of Indian Ocean-type mantle after 3 Ma in the New Hebrides island arc has previously been suggested (e.g. Peate et al., 1997; Heyworth et al., 2011) and has been confirmed by Nd-Hf isotope data (Pearce et al., 2007) . However, if we consider our least contaminated sample (75VSR) with a Ce/Pb ratio of $19, and back-calculate the 207 Pb/ 204 Pb ratio of the uncontaminated mantle source to a Ce/Pb of $25, the depleted mantle beneath the Vate Trough probably has a Pb isotope composition Sr/ 86 Sr (c), as proxies for slab input. The nearly constant Ba/Nb and 87 Sr/ 86 Sr ratios observed in the caldera glasses indicate negligible slab input for Group I but the negative correlations between these two ratios and Cl/K observed for Groups II and III glasses suggest that the mantle source of these magmas was variably metasomatized by a slab component. Groups defined as in Fig. 2 Pb/ 204 Pb ¼ 37Á51, plotting within the Pacific Oceantype MORB field. We suggest that the similarity of the isotope data of the Group II lavas to Indian Ocean-type MORB is related to mixing of the depleted mantle with a sediment-derived component. In contrast, the incompatible element-enriched Group I glasses and lavas involve the contribution of a different mantle source with Indian Ocean-type MORB signature (Fig. 7) . Consequently, mantle sources with this signature appear to be rare and limited to the locations where Nbenriched lavas occur. We conclude that the data here presented indicate that the enriched Indian Ocean-type upper mantle component resides in small fertile mantle portions within a depleted mantle with Pacific Oceantype isotope composition. Thus, we do not find evidence for replacement of Pacific Ocean mantle by inflow of Indian Ocean-type mantle around 3 Ma.
CONCLUSIONS
Lavas and volcanic glasses collected at the submarine Nifonea volcano in the New Hebrides island arc and along the adjacent rift systems manifest geochemical differences reflecting markedly different magmatic evolutionary processes and variations in the mantle source composition. The latter are critical to explain the origin of not only the eruption of Nb-enriched basalts but also the focused volcanism at the Nifonea volcano in an otherwise magma-deficient trough. Nb-enriched lavas were previously recognized along the New Hebrides island arc but only two lavas recovered from Mota Lava Island, also occurring in close association with typical subduction-related lavas, closely resemble those erupted at Nifonea caldera. On the other hand, they are abundant in the North Fiji Basin, where mantle anomalies interpreted as detached portions of the Australian plate and regions of mantle upwelling are identified. Consequently, we suggest that the eruption of Nbenriched lavas associated with the subduction of the Australian plate along the New Hebrides island arc is not related to major geodynamic features such as inflow from a mantle plume, influx of fertile mantle owing to opening of a slab window, or collision of the subduction system with the D'Entrecasteaux Ridge, which would have a larger scale effect. Instead, we propose that small-scale heterogeneities, possibly occurring as small lenses within a depleted mantle matrix, are present beneath the volcanic edifice and ascend producing increasingly enriched melts with time. As these are highly fusible, their appearance in the Nifonea melting column must be recent. This study also shows that small-scale mantle heterogeneities may have profound impacts on the morphology of the ocean floor.
SUPPLEMENTARY DATA
